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Introduction
Supramolecular self-assembly of natural and synthetic amphiphiles is an important topic in nanoscience, as it constitutes a promising tool to build complex 1D to 3D nanoscale objects. 1 In particular, the effect of chirality on supramolecular self-assembly is at the origin of life (DNA), but also of tissue and bone engineering (collagen), of a number of human diseases including various neurodegenerative disorders (amyloid fibrillation), but also structural protection of microorganisms (capsid formation in viruses).
Chirality-induced structural strength, mechanical rigidity and functionality 2,3 strongly impact the properties and role of self-assembled soft systems (proteins, lipids, nucleic acids) in natural processes. 4, 5 A seminal example is constituted by collagen forming a triple helix and for which its improved mechanical properties strongly depend on its intrinsic chirality. 6 More recently, bioinspired synthetic compounds that combine 1D assembly and functionality started to be explored. In the present paper, we present the pHtriggered formation of self-assembled fibers with nanoscale chirality using a saturated sophorolipid (C18:0 sophorolipids, Figure 1b) Preparation of the supramolecular assemblies: Different amounts of acidic C18:0 sophorolipids (c= 2 mg/mL and 5 mg/mL) were solubilized in deionized water. Due to the poor solubility of the C18:0 sophorolipids, pH was first increased to 11 using a 1 M NaOH solution and then decreased to pH= 2 and 6 with µmolar amounts of 0.5 and 0.05 M HCl solutions respectively. pH measurements were done with a classical pH-meter. All samples were freshly prepared and characterized right after their preparation. Additionally, a freshly prepared solution (1 mL) of 5 mg/mL C18:0 SL whose pH was adjusted to 3.2 was dialyzed against deionized water for 3 days to remove sodium chloride using a cellulose membrane with a molecular-weight cutoff of 3.500.
Characterization techniques
Please refer to the Supplementary Information section (section S.4).
Results and discussion
The C18:0 sophorolipids are studied here at concentrations as high as 5 mg/mL after a previous solubilization step at pH= 11, from where the pHdependent light diffusion properties are then explored using Dynamic Light Scattering (DLS), as shown in The pH titration curve of the C18:0 sophorolipids in water is shown in Figure 3 while the detailed calculations are discussed in Section S.5.
The equivalent point 1 in Figure 3 Figure 5 show the presence of fibers with large aspect ratio, confirming the FE-SEM data. In addition, these images illustrate the presence of chirality at different scales: from single fibrils ( Figure 5B , Figure S3C ) up to associations of fibrils into thicker fibers. This specific point is highlighted by the arrows in Figure 5B and Figure 5C .
In the former, we show various junction points where two or more fibrils form a larger fiber. Figure 5A shows a typical example of a large bundle composed of many individual fibrils. Further images showing that chiral objects are ubiquitous are given in Figure S3A . The highlight in Figure S3C shows the dispersion in size of single fibrils (from about 10 nm to 25 nm) while Figure S3B further illustrates the entanglement between two fibrils into a larger one. Further proof ochirality is provided in Figure S4A , showing the shift of the ribbon pitches due to a tilt of the TEM grid, as indicated by the arrows.
Chiral fibers can either be twisted or helical and TEM is a common technique used to discriminate them. In this work, it seems that most objects are composed of left-handed twisted ribbons but we cannot exclude the presence of neither helical ribbons nor tubes. In the literature it was shown that time drives the formation of spherical particles that turn into twisted fibers then into helical and eventually nanotubes 35 and this effect cannot be excluded here. Ziserman et al. 34 On the basis of this particular classification we should expect both twisted and helical ribbons in our system, the typical dimensions of which are given in Table 1 . At pH> 9, aggregates can still be seen but their shape is different and no chirality is detected, as also discussed below.
In fact, formation of chiral objects with pH can be monitored using circular dichroism (CD) even if it is well-known that CD is a delicate experiment with Figure 7a and b identify the SANS spectra for C18:0 sophorolipids at 5 mg/mL and pH= 6. At pH= 2, the SANS signature (not shown) is very similar to the one at pH= 6.
At this pH, the I(q) signal identifies at least three different zones : at q< 0.01 Å -1 , the intensity I(q)~ q -2 , which is a typical behavior observed for chiral ribbons, both theoretically 56 Figure S5 and Table S1 ).
Peak N°1 identifies the repeating inter-lipid layer distance within each ribbon, as largely discussed by COOH) at each side of the ribbon. This is difficult to explain and it could be contradictory to the pH titration data, which show that the COOH group is only deprotonated at pH> 7, largely above its pKa value at equilibrium. The H-bonding network around 1 Masuda et al calculate L to be about 3.38 nm for a similar C18:0 monosaccharide bola-glycolipid. To this value, one must add at least 0.5 nm to account for the second glucose in the C18:0 SL compound the COOH probably protects it from water diffusion.
For these reasons, we speculate that the lipid layer in the ribbons at pH= 6 rather adopts a bent symmetrical MLM conformation, as proposed in Figure 7d and where the difference between the H-T (Figure 7d1) and H-H (Figure 7d2 ) polytypes is not possible to make, yet. The bending angle, estimated to be α~ 33°, a value which is comparable with the one that has been reported by Masuda et al, 58 suggests an interlayer packing in the ribbon plane , as shown in scheme in Figure 7 . The close analysis of the full width at half These techniques probe through-space 1 H-1 H (< 5 Å) and 13 C-1 H proximities using the nuclear spin interactions (dipolar coupling).
The 1 H fast MAS NMR spectra of the freeze dried powders at pH= 6 is given in Figure 8A . Despite the very fast MAS rate (65 kHz), the signal is still quite broad, which can come from both the strong coupling between protons and dispersion in chemical shifts typical for solid state spectra. However, one can safely assign (detailed assignment of 1 H NMR peaks is done in Figure S1 ) the peak at: δ= 1.3 ppm to the aliphatic protons (a: -(CH2)n-), δ= 3. 
Discussion
Scheme 1 -Summary of the differences in the self-assembly behaviour between the C18 :1-cis and C18 :0 sophorolipids at pH< ~7 at the same temperature and time scale. Data on the C18 :1-cis sophorolipid can be found in ref. 53, 52 The asterisk identifies the chiral subterminal carbon. The image of the ribbon has been adapted from ref.
16 (Copyright © 1999, Nature Publishing Group).
Scheme 1 summarizes the nature of self-assembled structures found on both the C18:1-cis and C18:0 sophorolipids at neutral/acidic pH processed under the same conditions. The monounsaturated compound forms micelles, whose charge can be tuned with pH, 52,53 while the saturated compound (refer also to 51 suggested that the bulky sophorose group could be responsible for the formation of giant micronic ribbons for the C18:1-trans sophorolipid. However, they reported the formation of flat sheets for the C18:0 sophorolipid (sample 9 in Table 2 ), which also has an elongated conformation of the aliphatic chain. In the literature, some key chemical groups seem to promote chirality in glycolipids at the nanoscale. As shown in Table 2 , non-bola compounds (e.g., samples 1 to 4) need an interaction-promoting (hydrogen bonding, π-π stacking) 63, 64 linker (phenyl, phenylamide, amidopyridine) rather than specific saturation/unsaturation ratios. For instance, ether linkers only promote micelles but never lead to the formation of fibers (compound N°7 in Table 2 ).
Asymmetric bolas close to C18:0 sophorolipids, like compound 8 in Table 2 Another unclear issue is the lack of rapid supramolecular chirality for the C18:1-cis sophorolipid. Even if this system was reported to form giant ribbons (but never nanoscale ones), 50 we found them difficult to reproduce. The work of Prasad et al.
also seem to go in this sense, as they only obtained giant ribbons with a clear CD signature for the C18:-trans sophorolipids. 51 One could argue that the presence of a cis double bond plays against a tight molecular packing. However, saturation was shown to be one of the chiral-forming elements in several nonbola compounds (samples 1 to 5 in Table 2 ). In the C18:1-cis sophorolipid, it may occur that packing between the C18:1 chains needs longer stabilization times and/or that the double bond helps releasing more easily the local tensions that seem necessary to induce chirality. This question is still unanswered.
Conclusion. This work shows how supramolecular nanoscale chirality can be obtained from yeast-derived asymmetric bola-glycolipids and how such a phenomenon is strongly related to the coexistence of several "chirality triggers": stereocenters, hydrogen bonding, hydrophobic interactions and, above all, pH.
This work also illustrates that such behaviour is still difficult to predict, at least for bolaform glycolipids, and still needs to be studied in a systematic way as it has been done for aminoacid and peptide-based amphiphiles. 
